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؉ exblock of I h prior to LTF induction prevents subsequent change. I h activation is obligatory for inducing long-LTF. We find that I h becomes activated during a proterm facilitation (LTF), a long-lasting synaptic strengthlonged tetanus in response to membrane hyperpolarizaening. cAMP-induced synaptic enhancement also tion. This develops through presynaptic Na ϩ accumularequires I h activation, and both processes are sensitive tion during tetanic stimulation, resulting in the increased to actin depolymerization. Other mechanisms are reactivation of the Na ϩ /K ϩ ATPase and an electrogenic sponsible for expression of the responses. Once initiexchange current that hyperpolarizes the presynaptic ated, continued response to cAMP is I h and actin indemembrane.
pendent. Moreover, LTF-induced activation of I h
We investigated the mechanism by which I h activation renders subsequent cAMP enhancement insensitive results in synaptic enhancement. Our results indicate to both I h blockers and actin depolymerization. This that activation of I h , either through cAMP generation or actin-stabilized "temporal synaptic tagging" set by I h directly via hyperpolarization, results in the generation activation is prolonged when I h is activated concurrent of a transient synaptic marker or "tag"-whose generawith an elevation in presynaptic calcium concentration tion is sensitive to disruption of the actin cytoskeleton.
([Ca
2؉
] i ), permitting the further strengthening of synThese tagged synapses increase transmitter output by apses given appropriate additional stimuli.
subsequently responding to additional stimuli that would otherwise be ineffective. Furthermore, the lifetime of this tag appears to be significantly prolonged if I h Introduction activation occurs concomitant with elevated presynaptic [Ca 2ϩ ] i , allowing tagged synapses to later respond to Crustacean neuromuscular junctions display a longstimuli applied at least 1 hr after the time the tag was term facilitation (LTF) of synaptic transmission following set, even in the presence of inhibitors that block resustained intense activity of the motor neuron. This form sponses to such stimuli at untagged synapses. This of synaptic plasticity, lasting several hours (Atwood et "temporal synaptic tagging" represents a form of metaal., 1975), or 1-2 days (Lnenicka and Atwood, 1985) , is plasticity, in which LTF can alter the rules governing unusual in that its locus is entirely presynaptic, with subsequent modulation of synaptic transmission by ex-"silent" synapses on motor neuron terminals becoming trinsic signals. activated following tetanic stimulation (Wojtowicz and Atwood, 1985 , 1986 . A Results Ca
2ϩ -and calcineurin-dependent induction of protein synthesis is required for the maintenance of LTF, which
To test for the involvement of I h channels in LTF inducis apparently initiated by the coordinated activation of tion, we use two drugs that specifically block this chanphostphatidylinositide-3-kinase (PI3 kinase), MAP kinel, ZD7288 and DK-AH 269. We have previously tested nase, and the rapamycin-sensitive kinase mTOR/FRAP the potency of ZD7288 against crayfish I h by characteriz- (Beaumont et al., 2001 ). These properties distinguish ing its dose-dependent block of the presynaptic depo-LTF from other forms of long-term synaptic plasticity, larization induced by forskolin-induced cAMP activation and it is important to understand the mechanisms underof I h channels . We now lying its induction. Here we delineate the major steps introduce DK-AH 269 (Janigro et al., 1997; Pape, 1994; in the initiation of LTF and describe a unique form of Raes et al., 1998) as a blocker of crayfish I h and characmetaplasticity, which we call "temporal synaptic tagterize its pharmacological profile. ging," in which induction of LTF not only strengthens synaptic transmission but also alters the nature of syn-I h Block Using DK-AH 269 Addition of DK-AH269 (3 nM-10 M) following applica- from the resting membrane potential of Ϫ71 Ϯ 1 mV, crayfish neuromuscular junctions. Since tetanic stimulation induces a hyperpolarization that could activate I h with an IC 50 of 125 Ϯ 30 nM (n ϭ 4). If DK-AH 269 was applied prior to forskolin application, when most I h (Wojtowicz and Atwood, 1985) , it seemed plausible that I h activation is required for LTF induction. After establishchannels were closed, an approximately 10-fold higher concentration of DK-AH 269 was required (IC 50 ϭ 1.35 ing baseline amplitudes of excitatory junction potentials M). These results are consistent with the previously (EJPs) from proximal muscle fibers in response to a 2 reported use dependence of DK-AH 269 (Raes et al.,
Hz axonal stimulus, long-term facilitation was elicited 1998). Nevertheless, Figure 1A illustrates that a 100 M following a 20 Hz, 10 min tetanic train ( Figures 1C-1E ). DK-AH 269 preapplication was sufficient to result in a During the tetanus, EJP amplitude was elevated by the total block of forskolin-induced depolarization. Ca 2ϩ -dependent processes of facilitation, augmencAMP-induced activation of presynaptic I h plays a crittation, and potentiation (Zucker, 1999) . Immediately folical role in cAMP-mediated synaptic enhancement at lowing the tetanus, EJP amplitude decayed biexponenthe crayfish NMJ . We tially ( decay1 ϭ 11.5 Ϯ 0.5 s, decay2 ϭ 7.1 Ϯ 0.9 min, n ϭ therefore expected that block of I h by DK-AH 269 (100 9), reflecting augmentation and posttetanic potentiation M) would significantly reduce forskolin-induced en-(PTP), to an average EJP amplitude greater than that hancement of synaptic transmission. Figure 1B shows observed pretetanus, and this was attributed to LTF. that a 30 min application of forskolin resulted in a Decay of facilitation was not detected because it oc-120% Ϯ 16% enhancement in transmission, which curred too quickly to be captured by our posttetanic slowly reversed back to baseline levels following wash-EJP sample rate of 2 Hz. LTF was distinguished from out of forskolin. However, in the same preparations, if PTP by measuring EJP enhancement after complete DK-AH 269 was applied for 30 min prior to and during a decay of PTP at 20-60 min posttetanus, when LTF insecond forskolin application, the resultant enhancement creased EJP amplitude by 113% Ϯ 17% (n ϭ 16). was reduced to only 36% Ϯ 11% (n ϭ 5), identical to To examine the involvement of I h in LTF induction, results previously reported following I h block using either ZD7288 (30 M; Figure 1C ) or DK-AH 269 (100 ZD7288 .
M; Figure 1D ) was applied for 30 min prior to and during the 90 min LTF protocol. Both drugs blocked tonically active I h , causing a 5.6 Ϯ 1.1 mV (n ϭ 6) and 5.1 Ϯ 0.37 I h Activation Is Essential for Induction of LTF mV (n ϭ 4) presynaptic hyperpolarization, respectively We have shown previously (Beaumont and Zucker, 2000) that I h activation enhances synaptic transmission at (see Figure 2 ). This hyperpolarization did not affect the Figures 1C and 1D) showed that basal transmission was sometimes gradually reduced by DK-AH 269 axonal hyperpolarization (1 min, Ϫ30 nA current injection) sufficient to activate I h was shown previously to (Ϫ19% Ϯ 10%, n ϭ 3) or ZD7288 (Ϫ4% Ϯ 15%, n ϭ 3). However, these modest, inconsistent, and insignificant induce EJP enhancement . During an LTF-inducing tetanus, axons hyperpolarized reductions could not account for the much larger effects of these drugs following LTF induction. Our data demonby 5.1 Ϯ 0.31 mV from a resting membrane potential of Ϫ70 Ϯ 1.0 mV during the first minute of tetanic stimustrate that synaptic enhancement during LTF is dependent on I h channel activity.
lation ( downstream of I h channels. We found that actin disruption had only modest effects on the cAMP-dependent The dependence of the hyperpolarization on intracellular Na ϩ load and Na ϩ /K ϩ pump activity was demodulation of I h . Cytochalasin D and Swinholide A reduced the axonal depolarization to forskolin (30 M), monstrated by measuring Na ϩ accumulation during the LTF-inducing tetanus with the ratiometric dye sodiumcompared to depolarization in the absence of these drugs (average reduction of 52% Ϯ 11% and 24% Ϯ binding benzofuran isophthalate (SBFI). In response to a 20 Hz, 10 min tetanus, [Na ϩ ] i increased in axon 2%, respectively, n ϭ 5 each treatment; Figure 3E ). Latrunculin B had no effect on cAMP modulation of I h branches by 51 Ϯ 8 mM (n ϭ 4) and in presynaptic boutons by 41 Ϯ 11 mM (n ϭ 4) from a resting level of (1% Ϯ 7% change from control, n ϭ 5). Our finding that the reduction of forskolin-induced synaptic enhance-9.1 Ϯ 2.4 mM. Figure 2D shows the time course and extent of the [Na ϩ ] i increase, which corresponded ment in all cases was larger than the effect on I h , suggests that actin acts mainly at a step subsequent to I h closely to the time course of axonal hyperpolarization ( Figure 2C ). Additionally, axonal hyperpolarization in the activation. presence of ZD7288 (30 M) in response to a 20 Hz, 10 min tetanus was blocked by the Na ϩ /K ϩ ATPase inhibitor LTF and cAMP-Dependent Enhancement ouabain (1 mM; Figure 2E ). In its place, a depolarization Are Nonocclusive appeared, probably as a consequence of posttetanic Thus far, our results indicate that cAMP-dependent enchanges in intracellular Na ϩ and extracellular K ϩ conhancement and LTF critically depend on both I h activacentrations.
tion and an intact actin cytoskeleton. We thus investigated whether activation of one form of synaptic enhancement could occlude the other. Figure 4A shows Actin Dependence of I h -Triggered Enhancement The presynaptic regulation of cytoskeletal elements, esthat a 57 Ϯ 4% enhancement (n ϭ 6) of EJP amplitude following LTF induction did not even partially occlude pecially actin, has been shown to affect transmission at some synapses (e. cAMP (117% Ϯ 10%, KT5720 absent, versus 112% Ϯ of occlusion between these forms of plasticity, suggests the possibility that other pathways are responsible for 5%, KT5720 present), confirming the PKA-independent nature of LTF and the cAMP-dependent response.
their maintenance. We therefore tested whether I h activation and an intact actin cytoskeleton were necessary This lack of occlusion is also seen if the experiment is performed in reverse order: a prior forskolin application only in the induction phase of cAMP-dependent enhancement. This is already implied for LTF by the relaresulting in a synaptic enhancement of 124% Ϯ 38% did not occlude subsequent LTF induction ( Figure 4C compared to those experiments performed in the ab-(300 M). Figure 4A showed that this protocol in the absence of I h blockers resulted in a forskolin or 8-Br sence of KT5720 (176% Ϯ 21% maintained enhancement), demonstrating that the cAMP-induced maintenance cAMP response no different in amplitude from forskolin responses in LTF-naïve preparations. Also, as expected, phase is independent of PKA activity. Enhancement is slowly reversible on forskolin wash out ( Figures 5A-5C) , Figure 6A demonstrates that if this entire protocol was performed with I h blocked throughout the experiment indicating that cAMP is unable to permanently stabilize synaptic strengthening, in contrast to LTF. by ZD7288 (30 M), neither expression of LTF nor cAMPdependent enhancement was apparent, with application of forskolin producing only a 12% Ϯ 15% enhancement I h Activation during LTF Temporally "Tags" Synapses of EJP amplitude (n ϭ 3). However, Figures 6B-6D show that the cAMP-dependent response developed normally I h is involved in the induction of both forms of synaptic plasticity, as indicated by the sensitivity of both profollowing LTF induction (181% Ϯ 23% enhancement of EJP amplitude with forskolin [n ϭ 6] and 139% Ϯ 19% cesses to I h block. If, as suggested above, I h is not involved in maintenance of either form of enhancement, enhancement of EJP amplitude with 8-Br-cAMP [n ϭ 3]), even when I h was blocked prior to forskolin applicathen we might be able to replace the I h requirement in inducing LTF or cAMP-dependent enhancement by prior tion by incubation in either ZD7288 (30 M) or DK-AH 269 (100 M). Thus, prior I h activation during LTF abroinduction of the alternative enhancement. In this way, I h activation could be regarded as a temporal synaptic gates the need for additional I h activation by cAMP, and an I h -independent cAMP response occurs. marker or "tag," allowing synapses to respond if given additional appropriate stimuli.
As I h channels are only briefly activated during the LTF-inducing tetanus, this implies that this activation To test this hypothesis, LTF was first induced by delivery of a 20 Hz, 10 min tetanus, prior to application of has led to the generation of a more stable "tag," lasting at least 1 hr following its formation. This tag confers an I h blocker, followed by forskolin (30 M) or 8-Br cAMP 
Block of I h channels by either ZD7288 (30 M, [A]) or DK-AH 269 (100 M, [B]) following forskolin (30 M) failed to disrupt synaptic enhancement, demonstrating that I h channel activation is critical only for the induction of cAMP-dependent enhancement. (C) Disruption of actin polymerisation by latrunculin B (3 M) or cytochalsin D (10 M) applied following incubation with forskolin also fails to affect the subsequent enhancement of transmission, demonstrating that an intact actin cytoskeleton is only required for the I h -dependent induction of the cAMP response.
onto the synapse the ability to respond to stimuli that An Intact Actin Cytoskeleton Is Required for I h -Dependent Induction of Synaptic would otherwise have required an activation of I h .
Enhancement and Tag Generation In four of the nine experiments shown in Figures 6B
We investigated what role the actin cytoskeleton played and 6C, the PKA inhibitor KT5720 (1 M) was included in the induction of synaptic enhancement by I h channel throughout the recording. No difference was seen in activation and hence tag generation. Figure 7A shows either LTF expression (191% Ϯ 20%, KT5720 absent, that, as expected, if the LTF protocol and a subsequent versus 183% Ϯ 10%, KT5720 present) or the amplitude forskolin exposure were given following actin depolyof cAMP-dependent enhancement (101% Ϯ 10%, merization by either latrunculin B (3 M) or cytochalasin KT5720 absent, versus 88% Ϯ 14%, KT5720 present), D (10 M), both LTF expression and cAMP-dependent again confirming the PKA-independent nature of both enhancement were severely impaired. There was only processes. a 1% Ϯ 9% enhancement of EJP amplitude during LTF, and the subsequent application of forskolin produced I h Activation by cAMP Fails to Generate a modest 40% Ϯ 19% enhancement of EJP amplitude a Long-Lasting "Tag" (n ϭ 4), confirming the importance of the actin cytoskeleIn Figures 6E and 6F , the same type of experiment was ton in the induction of both processes (compare with performed in reverse order; that is, cAMP-induced en- Figure 3D) . However, Figure 7B shows that following hancement of transmission was followed by I h block and normal LTF induction, subsequent actin depolymerizasubsequent LTF induction. Surprisingly, in this case, a tion by either of the actin depolymerizers did not affect prior cAMP activation of I h channels did not abrogate a subsequent cAMP-dependent enhancement, with the the need for I h activation during LTF induction. There enhancement of transmission following forskolin appliwas no subsequent synaptic enhancement during the cation being 166% Ϯ 23% (n ϭ 3). Thus, a prior LTF LTF period following I h block (2% Ϯ 16%, n ϭ 4), compared induction also abrogates the requirement for an intact with control LTF of 41% Ϯ 9% in the same batch of actin cytoskeleton to obtain a full cAMP response, imcrayfish in the presence of forskolin alone (see Figure 6F) . plying that actin dynamics are essential to the mechaOne possible explanation for this is that the putative nism of I h -dependent induction and tag generation and synaptic tag remaining after I h activation by cAMP lasts that once the tag is "set," there is no further necessity only for a limited time, while the synaptic tag generated for actin in the pathway responsible for maintenance of following LTF induction lasts longer. This possibility, and the cAMP response. When the same experiment was performed in reverse the mechanism by which this occurs, is examined later. (E) This I h -dependent "temporal" tagging was not evident in reverse order so that forskolin-induced synaptic enhancement, followed by I h channel block, did not render subsequent LTF independent of I h channel activation (closed circles). (F) LTF was induced in the presence of forskolin (closed circles; see Figure 4C ), and in the presence of forskolin followed by I h channel block (open circles), shown after normalization of EJP amplitude after forskolin application but prior to the tetanus. Under these circumstances, LTF was still prevented in the presence of the I h channel blocker DK-AH 269. order, with forskolin application preceding actin depolyThis suggests that either no tag is formed when cAMP is the "conditioning" stimulus or that perhaps only a merization and subsequent induction of LTF by a 20 Hz, 10 min tetanus (Figure 7C) , LTF was still sensitive to transient, unstable tag is formed, which is not maintained long enough to abrogate the requirement for actin actin depolymerization. The tetanus induced an EJP enhancement of only 17% Ϯ 17% in the presence of the in the induction of LTF. This is analogous to the continued requirement for I h in LTF induction following forskolin appliactin depolymerizers (n ϭ 5), compared with 176% Ϯ 24% in controls without actin depolymerizers (n ϭ 4).
cation described previously (Figures 6E and 6F ). ] i , and LTF expression is critically dependent on activation of calcineurin and a number of We next investigated the potential contribution of the multiple protein phosphatase/kinase pathways that are protein kinase pathways and on presynaptic protein synthesis (Beaumont et al., 2001 ). In contrast, none of activated and involved in LTF generation in the maintenance of the tag. As expected, a cocktail of inhibitors of these pathways is required for cAMP-dependent enhancement. We therefore examined whether activation calcineurin, MAP kinase, phosphatidylinositol-3-kinase, and mTOR/FRAP prevented LTF expression (3% Ϯ 4% of any of these process involved specifically in LTF are also involved in conferring a long-lasting temporal I henhancement of EJP amplitude). But this cocktail left intact the I h -and actin-dependent tag formed during and actin-dependent tag.
First, we investigated whether protein synthesis is LTF expression-a subsequent forskolin response was still I h independent, resulting in a 113% Ϯ 17% enhancerequired to stabilize the I h -and actin-dependent tag formed following LTF induction. Expression of LTF dement of EJP amplitude (n ϭ 6) in the presence of ZD7288 (30 M; Figure 8B ). Thus, none of these enzymes conpends on de novo presynaptic protein translation (Beaumont et al., 2001) , and LTF expression is abolished in tributes to persistent tag formation. LTF induction also requires presynaptic Ca 2ϩ accumuDiscussion lation during an LTF-inducing tetanus, as subsequent LTF is prevented if the tetanus is delivered in a Ca 2ϩ -Our results reveal a novel mechanism for the induction of long-term synaptic plasticity, relying on accumulation free medium (Beaumont et al., 2001 ). We have therefore tested whether elevation in presynaptic [Ca 2ϩ ] i is reof presynaptic Na ϩ and activation of the Na ϩ /K ϩ ATPase during extensive high-frequency activity, with resultant quired to stabilize the I h -and actin-dependent tag. The LTF tetanus was delivered after exchange of the external presynaptic hyperpolarization and activation of I h . Our data suggest that I h activation is critical for the induction medium with one containing no Ca 2ϩ and 0.75 mM EGTA, and then Ca 2ϩ was reintroduced ( Figures 8C and 8D) . of both LTF and the short-term enhancement mediated by cAMP and that this process depends on an intact Under these conditions, when EJP amplitude recovered, LTF was prevented, and subsequently a normal cAMPactin cytoskeleton. However, the induction and expression of LTF also require presynaptic Ca 2ϩ influx (or some dependent response was obtained, showing a 169% Ϯ 16% enhancement (n ϭ 5). However, when either process dependent on Ca 2ϩ influx) and local protein translation, and activation of the Ca 2ϩ -dependent phos-ZD7288 (30 M; Figure 8C ) or the actin depolymerizers latrunculin B (3 M) or cytochalasin D (10 M) was apphatase calcineurin, and also of MAP, PI3, and mTOR/ FRAP kinases (Beaumont et al., 2001 ). cAMP-dependent plied after the LTF-inducing tetanus, but prior to forskolin, the subsequent cAMP enhancement was enhancement does not utilize the complex pathways involved in maintenance of LTF, and thus LTF-and cAMPblocked (29% Ϯ 15% and 53% Ϯ 16% enhancement respectively, n ϭ 3 each; Figures 8C and 8D) However, we cannot discount the possibility that actin How does I h activation influence synaptic strength? may play a more dynamic role in the generation of I hWe hypothesize that I h activation initiates a process dependent synaptic tags. Whatever the case, given the leading to a "marking" of synapses, allowing them to relatively transient activation of the ion channel leading respond within the lifetime of this marker to additional to tag formation, it appears that the tag generated ocstimuli to which they would otherwise be refractory. This curs as a result of I h activation and is not the I h channel idea may be related to the spatial synaptic "tagging" itself. are susceptible to agents that disrupt actin polymeriza-
